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Abstract 

r~| ■ A new boson around 125 GeV without specific spin has been observed by both ATLAS and CMS 

Oi 

' . at the LHC. Since its decay into a diphoton excludes the spin-1 case by the Landau- Yang theorem, 

(— I \ it leaves or 2 as the possible lowest spin for the new boson. Instead of the well-estabhshed spin-0 

Higgs-hke boson, we take this new boson to be a spin-2 massive Graviton-like particle denoted as 
G, which exists copiously in extra-dimension theories, and concentrate on its phenomenology. In 
particular, we calculate the three-body decays of G — t- V f f' with V and Z*-'^ the gauge boson and 
fermions in the standard model (SM) and compare our results with those of the SM Higgs boson. 
The couplings between G and Vs are also estimated by fitting the data. A new observable that 
can distinguish G from the Higgs is proposed. 
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I. INTRODUCTION 



A new particle H around 125 GeV has been observed by ATLAS [l| and CMS with 
the combined significances of 5.9 and 5.0 standard deviations, respectively, at the LHC. 
Excesses of events have been shown in various channels, such as if — )■ 77, H — )■ ZZ* and 
H —J- WW*. The next step is to have precision measurements as well as determinations of 
the particle properties, such as its spin, CP and decay branching ratios. 

With the observation oi H 77, the Landau- Yang theorem 3|, |j| implies that the spin 
of H can not be 1. As this new particle must be a boson, it leaves that or 2 as the 
lowest possible spin for the particle. Although at this moment the production and decay of 



this new partic 



within 2(T 



e are consistent with those of the Higgs boson in the standard model (SM) 
ll| , the current data are not enough to tell its spin. Since spin-0 bosons, such 

IJ-bsj, in this 



as Higgs, dilaton and radion, have been widely examined in the leterature 
note we shall concentrate on the spin-2 particle denoted as G. 

Spin-2 particles are copious in particle physics models, especially those with extra- 
dimensions. For example, two popular models, ADD 2J] and Randall- Sundrum (RS) 
types, which were motivated to solve the hierarchy problem, have a Kaluza-Klein (KK) 
tower for the spin-2 gravitons. Depending on the specific model, the couplings between the 
massive gravtion and SM particles could have various structures 26l-l28| . Aiming at a wide 
application of our study, we shall be only interested in the general framework rather than a 
special model. 

In this note, we shall present the relevant analytic formulas for the three-body decays 
of G — \/\/*(\/* — )■ //) with V and / the gauge boson and fermion in the SM. These 
three-body decays can be important when the mass of G, is smaller than 2my. In 



addition, as discussed in Refs. 



29 



|-|40|, ZZ* — )■ 4/^ is the most relevant channel for a full 
determination of the spin of the new particle. Note that there are some computer codes, 
which may also produce numerical results 4l|, |42] for the decays. 

This paper is organized as follows. In Sec. [Tll we establish the framework of our present 
study. In Sec. IIIIl we calculate the three-body decays of the spin-2 particle G and present 
the full analytic formulas for the decay rates. In Sec. IIVI we explore the phenomenology 
related to G. Finally, a brief summary is given in Sec. |Vl 



II. FRAMEWORK 



We start with the interactions, given by 



^i°* = -Efv^'^ (2-1) 



A 

where T^^ stand for the energy-momentum tensors of the SM particles, h^v is the field for 
the spin-2 particle, c, encode the relative coupling strengths between different particles, and 
A characterizes the typical energy scale. 

We remark that although the interacting terms in Eq. (12.11) are not the most general 



ones 
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35[, they are typical for many massive graviton or extra-dimensional models. The 
most general form can be given by including all the Lorentz and gauge invariant operators 
of dimension-5 at the lowest order. For simplicity, we shall only consider the interactions in 
Eq. (12. ip in the following discussions. 

In models with all SM particles confined to 4 dimensions, q are universal. In such cases, 
the graviton is most likely to decay into qq and a gluon pair. Constraints on such models 



have been studied in Refs. 
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43| by using the latest dijet and dilepton searches at the 
LHC The results show that if the mass of the graviton lies in the (9(100 GeV) region, A is 
constrained stringently to be as large as (9(10 TeV). However, this constraint can be relaxed 



if we allow non-universal q. In general, q may not be the same for different particles 
For instance, in models in which SM particles also propagate in extra-dimensions, q depend 
on overlaps among the wave functions of KK modes for the interacting particles, so that 
Ci could be different for SM particles. In this paper, we assume small values of q for the 
fermions, i.e. Cf <^ 1, and concentrate on the phenomenology which is only relevant to Cj 
for the gauge bosons. Consequently, for the decay processes of G — )■ VV*{V* — )■ //'), we 
only have to calculate the Feynman diagram in Fig. [H which is of order 0{acy), whereas 
the diagrams in Fig. [2] of order Olacj) can be neglected. In the following calculation, we 
further assume Cw = cz and normalize cw = 1 by scaling A. 

III. THREE-BODY DECAYS OF G ^ Vff 

We now compute the decays of G Vff (V = W"^, Z). We are interested in the case 
in which the massive spin-2 particle G lies in the range of rriv < mo < 2mv . It is clear that 



FIG. 1. Feynman diagram of order 0{acy) that dominantly contributes to G — )■ VV*{V* — )■ //')) 
where the double line stands for the spin-2 particle, while P, k, I and q are the momenta of G, V, f 
and /', respectively. 



FIG. 2. Feynman diagrams of order 0{ac'j) that sub-dominantly contribute to G — t- — >■ 
//') with small cj. 

this massive particle is not kinematically allowed to decay into two on-shell gauge bosons. 
The only possibility is that it decays to a real gauge boson and a virtual one, and the latter 
further to two leptons or quarks. Moreover, as discussed above, we are assuming that G 
couples to W or Z much stronger than to fermions. As a result, we can safely neglect the 
contributions from the direct couplings of G and fermion pairs, see Fig. |2l We also ignore 
the effects of the fermion mass rrif since it is much less than that of the y-boson. Thus, the 
only relevant Feynman diagram for G Vff is shown in Fig. [TJ 
The amplitude for G W^W*^{W*^ f f) is given by 



M = ^el^{P)e^{k) [[ml + (P ~ k) ■ k]G,.,,^ + Z),.,,.(fc, P - k)\ ^ 2P -'fc ' ^^'^^ 
where 

Gfxi/,p(7 VppVl^cr ~l~ V/J-uVl^p Vpi^Vpcr^ 

D^u^pa{kl, k2) = r]puklak2p - [^pakluk2p + r]f^phak2u - Vpaklfik2u + (/X 4-> z/)], (3.2) 

and P, k, I and q are the momenta of G, V, f and /', respectively. Here, we have used the 



Feynman rules given in 27| with k = 2/A and the unitary gauge for the W-boson propagator. 



We note that the properties of polarization tensors of W-bosons e^{k) and spin-2 particles 



ef,y(P) enforce 



k^e^^{k) = 0, e^'%(P) = 0, 
P%AP) = 0, e^''''^{P)e^;:{P) = 5-', (3.3) 

so that the terms proportional to rj^u, k^, and P'^ vanish in the amphtude of Eq. f l3.ip . 
By squaring the amphtude, averaging over the polarizations of the initial spin-2 particle and 
summing over polarizations of the final W-boson, we obtain 



1^...., 9Vr*4:,.p,.^„.p^,.p).^4^9 



s,A 



I- Pq- P{1- P + q- Pf + -P + q-Pf {I ■ Pf + {q ■ P) 



G 



w 



+ 



3m| 
21 -q 



3ml 



l-q 



Ul-Pq-P + 9{l-Pf + 9{q-Pf 



l-q{l- Pf - 5(/ ■ Pfq ■ P -U- P{q- Pf + %l-ql- Pq- P 



+ l-q{q-Pf-5{l-Pf-5{q-Py 
rriLl ■ q 



— -{I ■ qf + — —I ■ Q 



(13/ ■ g - 20/ • P - 20g ■ P) + -/ ■ g - 151 ■ q{l ■ P + q ■ P) 



+ ll{l-qf + h{l-Pf + h{q-Pf 

Based on Eq. (13. 4p . in the massive spin-2 particle rest frame we derive 

dV{G ^ Wfn _ g^n^ijc^-Aff^ _ _ 

" 921607r3 (l-xf ^^^^ ^""^^^^ 

+ (3x^ + 16x^ - 46x2 + 40)e2 - 8{3x^ + Ax - 14)e^ + 486*^ 

where x = 2Ew/mG and e = mw/mG with 



(3.4) 



2e<x<l + e\ mw ^ 80.4 GeV, ^ 



a 



^ = _ 
47r sin^ 9 



0.034. 



(3.5) 



(3.6) 



w 



By integrating the variable x in Eq. (13. 5p . we get the simple analytical formula for the decay 
rate of G — )■ Wff', given by 



^ ' 9216071^ ^ ^ 



(3.7) 



where 



^ , , (368e6 + 104e^ + 29e^ - 12) [36^ - 1 

Pg[^) = TTTiT^ arccos 



(4e2 - 1)1/2 



2e3 



— (21e^" - 200e^ - 9150e^ + 4560e^ + 2765e2 + 2004) 
60 

(90e'^-30e^ + 5e2-12)lne. 



(3.8) 



This could be compared with the corresponding decay rate for the Higgs boson in the 



SM 



44j-|46| . given by 



nH^Wfn = ^^F,ie), (3.9) 



where 



^ , , 3(20e4 - 8e2 + 1) r3e 
^^(^) = (4g2 _ 1)1/2 a^^cos 



2e3 



(ye^-f + ^)-3(4e^-6e^ + l)lne 



(3.10) 



Note that Eq. (13.71) only accounts for the single decay channel of the virtual ly-boson. 
However, experimentally it is more convenient to study the inclusive spin-2 particle decay 
of G — W^X , for which we only need to multiply Eq. (13. 7p by isjll given by 

r(G^H--±X) = ^FoW. (3.11) 

With the above analytical expression at hand, it is straightforward to write down the 
similar result for the case of Z: 

where e' = mz/rriG with 

mz~91.2GeV, sin^ ^vk ^ 0.231. (3.13) 

The partial decay rates for the subprocess G — )■ Zff can be easily obtained with multiplying 
Eq. (I3.12p by each branching ratio, respectively. 



IV. PHENOMENOLOGY 

We are now in a position to discuss the phenomenology of the spin-2 particle and compare 
our results with those of the Higgs boson in the SM. The quantity we shall use is as follows: 

a^pp ^G)x Br{G ^ XX) 
a(pp ^ Hsu) X BriHsM ^ XX) ' ^ ' ' 

where X stands for W"^, Z and 7 for our interest. The main production channel is the gluon- 
gluon fusion due to the small value of c/ and the large parton distribution function (PDF) 



^ We only consider the distinct final states with a or W and light fermion pairs, excluding the top 
quark processes. 
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for gluons. Since in our framework the spin-2 particle can couple to gluons and photons at 
the tree level, we specify these couplings as Cg and c^, respectively. Loop corrections are 
included by rescaling Cg and c^. 

In order to estimate the scale A, it is useful to compare the spin-2 particle decay rates of 
r{G — )■ W^X) and r{G — )■ ZX) with the corresponding SM Higgs ones. As shown in Fig. [3l 
the spin-2 particle's decay rates, T{G — W{Z)X), are quite similar to those of the Higgs if A 
is around 165 GeV. We note that A and Cg are correlated for fixed fixx- For the convenience 
of further calculations, we set A to be around 165 GeV for T{G — )■ ZX)/T{Hsm — ^ ZX) ~ 1. 




100 150 200 

A/GeV 



FIG. 3. Ratios of the spin-2 particle decay rates to those of the SM Higgs, where the dashed 
and solid lines correspond to r(G ^ W^X)/r{H W^X) and T{G ZX)/T{H ZX), 
repectively. 



For completeness, in Fig. |l]we show the behavior of G decaying to gauge bosons as we vary 
the mass parameter of the spin-2 particle, mc- Note that in Fig. |4]the two endpoints of each 
line show singular behaviors. This can be expected since our formula in Eq. fl3.8p (Eq. f l3.12p ) 
is only valid for the range of rriyy < mc < 2my/ {mz < rriG < 2mz), otherwise the particle 
would be either too light to produce a on-shell W (Z) or heavy enough to decay into two 
on-shell Ws (Zs). Furthermore, it would be helpful to compare our predicted spin-2 particle 
decay rates of these two weak interaction gauge boson channels with the corresponding SM 
Higgs ones for different mass parameters of and tuh as shown in Fig. [5l 

The behaviors of the curves in Figs. H] and [5] are charactorised by Fq- The difference 
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mc/GeV 

FIG. 4. Spin-2 particle decay rates as functions of mc, where the dashed and solid lines represent 
r(G ^ W^X) and r(G ^ ZX), respectively. 
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FIG. 5. Ratios of the spin-2 particle decay rates to those of the SM Higgs ones as functions of 
niG = rriH = itt-g/h^ where the dashed and solid lines stand for r(G — )• W^X)/r{H — t- W^X) and 
r(G ^ ZX)/T{H ZX), respectively. 



between Fq and Fh can be an observable, simply because for 125 GeV we have 
T{G^ W^X) ^ T{HsM -> W^X) _ fiww _ 9-10 

r{G^zx) ^ r{HsM^zx) ' fizz s.u' 

Consequently, if the future data shows that f^ww/f^zz has some deviation from unity, this 
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would imply new physical effects. 

Finally, we estimate the couplings Cg and c-y. Naively, if r(G' — )■ VV) ~ T{Hsm — > VV) 
(y = (7,7), we obtain Cg ~ 0.4 and ~ 0.2, respectively. However, these naive estimations 
just give rough values for Cg and c^. Since fiww and fizz also depend on Cg and c^, we shall 
perform a global fit to illustrate their possible allowed ranges. We use the following data 
from ATLAS J and CMS 



ATLAS : jjjj = 1.8 ± 0.5, fiww = 1-3 ± 0.5, j^zz = 1-2 ± 0.6, 
CMS : fiyy = 1.56 ± 0.43, f^ww = 0.6 ± 0.4, fizz = 0.7 ± 0.4. 

Our results are shown in Fig. |6l where the darkest region corresponds to the best fitted 
parameters. Explicitly, the region around ~ 0.08 and > 0.1 gives the best fit. Note 
that this region is insensitive to Cg as the decay branching ratio is dominated by G — t- gg, in 
which the contribution from Cg gets almost cancelled in the numerator of fixx in Eq- 04.11) . 
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FIG. 6. fits as contours of Cg and Cy, where the darkest region around c-y ~ 0.08 shows the best 
fit, while the numerical numbers on the contours are the values of x^- 



V. SUMMARY 

A new boson without specific spin around 125 GeV has been observed both by ATLAS 
and CMS in the search for the Higgs boson in the SM at the LHC. With the observation of 
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the diphoton mode, the Landau- Yang theorem excludes the particle to be a spin-1 particle. 
The other possible lowest spin for the new particle is or 2, corresponding to the Higgs-like 
or Graviton-like boson, respectively. We have investigated the case that the new boson is 
identified as the spin-2 particle G. We have calculated the rates of the three-body decay 
processes, G — t- Vff (V = W^,Z), and presented the explicit analytic formulas with ele- 
mentary functions, which as far as we know are not given previously in the literature. These 
results could be useful for future studies. Phenomenology for G has also been discussed. In 
particular, an observable of Hww/l^zz, which can be used to distinguish between the SM 
Higgs and G, has been proposed. In addition, couplings between G and gauge bosons have 
been estimated by fitting to the data. 
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